Introduction
Recently, there has been a growing interest in microfluidic technology owing to its highly diverse applications, from point-of-care diagnostics to microreactors. An approach based on multiphase flow, so-called droplet-based microfluidics, focuses on the use of discrete volumes of fluid involving cells and reagents in the dispersed phase. 1, 2 Droplet-based microfluidics has advantages in the generation of monodisperse droplets, 3, 4 rapid reagent mixing due to interfacial flow, 5 and single-cell analysis in a confined droplet reactor. 6, 7 Additionally, droplet manipulation techniques have been proposed for advanced droplet-based analysis; dielectrophoresis, 8 magnetic field, 9 optical vortex 10 are used. Among them, an optical method would provide beneficial performance with noncontact and remote handling without contamination and on-chip fabrication.
Since the effects of interfacial phenomena on the fluidic behavior become dominant with decreasing of the length scale, as in microfluidic devices, 11 the local control of interfacial tension can be effective for the handling of droplets. When the temperature gradient of the surrounding fluid is generated in the vicinity of a droplet, Marangoni convection, an interfacial flow induced by an imbalance of the interfacial tension, occurs, which results in a pressure difference around the droplet. Eventually, the driving force works on the droplet, and moves it toward an area with lower pressure, that is, lower interfacial tension. Figure 1 shows a schematic of droplet manipulation by a thermally activated gradient of interfacial tension. When the temperature gradient is induced by a focused laser beam, flexible and selective droplet handling can be performed. Fig. 1 Schematic of droplet migration by the Marangoni effect under a positive temperature coefficient of the interfacial tension (∂σ/∂T > 0). Under the temperature gradient, the interfacial flow occurs from a low-tension area to a high-tension area. Eventually the droplet moves away from the hot area because of a pressure difference around the droplet due to Marangoni convection. In this study, a local temperature gradient generated by the laser irradiation enabled selective and flexible handling of the droplet.
cooler area. Also, it is known that dynamic transport of the surfactant would affect the net tension balance and reverse the direction of interfacial flow. 13 The interface in the present system has a positive temperature coefficient of the tension with the aid of a surfactant. The interfacial flow to the hotter area makes the droplet migrate away from the heating light position, as in Fig. 1 . In our study, the temperature gradient around the droplet is generated by the absorption of light energy irradiated in the surrounding liquid, so that the heating pattern can be easily controlled with a high spatial-and temporal-resolution. The heating of the surrounding fluid as a trigger of droplet migration provides a wider controllable area due to thermal diffusion in the liquid, compared with the case in which the focused laser directly heats each droplet in the chip. 12, 13 Estimating the photothermal manipulation force exerted on each droplet is also of interest. The force was previously evaluated as a trapping force balanced with the flow resistance using a bypassed channel. 13 However, it would be insufficient in the force estimation without the temperature information in order to design a droplet microfluidic system under photothermal control.
This article provides an overview of our experimental work of droplet handling relying on the photothermal Marangoni convection caused by optical heating of the surrounding liquid of the droplet. A temperature field measurement based on laser-induced fluorescence (LIF) 16, 17 and theory of force estimation based on the measured temperature distribution around the droplet under light irradiation is also presented. Finally, the dependences of several parameters on the manipulation force for a picoliter droplet and an analysis of the movement in controlled droplets under laser heating are shown.
Experimental

Reagents and chemicals
In our experiments, an O/W emulsion system with oleic acid for the droplet (dispersed phase) and a tetraborate pH standard buffer solution (205-08775, Wako Pure Chemical Industries) for the surrounding fluid (continuous phase) was employed. Since both liquids do not have a light absorption band in visible wavelengths, a dye substance as the absorption enhancer was added only in the continuous phase. In this study, 4.0, 5.0 and 10.0 mM of Brilliant Blue FCF (C37H34N2Na2O9S3), a well-known food color, was used. Additionally, in order to measure the temperature distribution of the surrounding fluid around the droplets by LIF, 5.0 mM of fluorescein as a temperature-sensitive fluorophore was also added into the continuous phase. The buffer solution has a constant pH of 9.18 (at 25 C) to prevent the effect of a pH change on the fluorescent emission of fluorophore. Also, a nonionic surfactant of Tween ® 20 with a concentration of 10.0 mM was added to stabilize the droplet interface. The droplet was obtained with a stirrer (1500 rpm, 20 s). The size of the droplets in this study ranged from 10 to 50 μm in diameter, namely 5 to 65 pL in volume.
Apparatus
Figure 2(a) shows a schematic of the heating optical system used to induce a local interfacial tension gradient around droplets in a microfluidic device using reduced-projection exposure optics. The heating optical system was modified from our previous setup without any projection functionality. 18 As for the reduced-projection system, laser light is irradiated into liquid in a fluidic channel after forming an irradiation pattern characterized by a photomask. The reduced-projection optical system was built in an inverted microscope so as to achieve a co-axial illumination having the same optical paths in both the illumination and the observation. The heating optical system consists of a diode laser with a wavelength of 635 nm (Heating laser), a beam expander (BE), the photomask, and an imaging lens (IL). The laser beam was expanded by BE, passed IL, and irradiated into the microchannel. The fluorescent image was recorded by a scientific complementary metal-oxide semiconductor (sCMOS) camera (1920 × 1440 pixels). A dichroic mirror 1 (DCM 1) was designed to pass the heating laser beam and fluorescence to perform the LIF measurement and to reflect the excitation wavelength for the fluorescent dye from a mercury lamp. A dichroic mirror 2 (DCM 2) was designed to pass the fluorescence and to reflect the heating laser beam. An objective lens (Obj) used in the present study had a magnification of 20 and NA of 0.45. The interfacial tension at different temperatures was measured by a pendant drop method. 19 Water with a surfactant was suspended from a fine needle of 22G in bulk oleic acid. The temperature of the container for the bulk liquid was controlled by a thermostat with a water-circulator. The interfacial tension was determined from the shadow image recorded by a chargecoupled device (CCD) camera in the temperature range from 30 to 60 C. During the measurement, the temperature of the container for the bulk liquid was kept constant so as to prevent any temperature gradient around the suspended drop. Figure 2 (b) depicts the microfluidic device used in the present study. The device consists of two PDMS (polydimethylsiloxane) channels fabricated by softlithograpy 20 and a glass plate between them. Droplets were seeded from a bottom channel with 200 μm in width and 50 μm in height to a top channel. This two-layer injection system of droplets was employed to ensure a stable seeding of droplets into the observation channel. 18 The top fluidic channel employs sheath flow (Fig. 2(c) ) to control the position and speed of droplets suitable for the manipulation and measurement. The channel widths of the droplet inlet, water sheath flow and observation were 100, 200 and 500 μm, respectively. The height of the top channel was the same as the bottom one. Irradiation of the heating light was carried out 1000 μm downstream of the junction. All of the inlets were connected to separate syringe pumps. The device was placed on two Peltier elements connected to a water-circulated heat sink controlled by a thermostat. An adhesive thermal-conductive sheet was used to reduce the thermal resistance between the device and the Peltier elements. A K-type thermocouple with a thickness of 40 μm was attached to the microchannel so as to obtain the reference temperature of the device used in a calibration procedure of LIF.
Fluidic device
Results and Discussion
Interfacial tension with a temperature dependence
Interfacial tension measurements show the results in Fig. 3 . The tension indicates a positive temperature coefficient of 7.2%/K in the temperature range from 30 to 60 C. This positive temperature dependence has been seen in some liquid alloy 21 or alcohol aqueous solution 22 in a certain temperature range. Also, there is a possibility that a slight temperature gradient in the container for the bulk liquid due to heat conduction via the needle for the drop would induce weak transport of the surfactant. In either case, the droplet under light irradiation existed with the temperature gradient during handling in the present study. Therefore, we utilized the temperature coefficient of the interfacial tension measured in this experiment for a following calculation of the driving force.
Experimental validation of photothermal droplet handling
The potential of the photothermal Marangoni effect for parallel and multiple sorting of droplets was investigated using patterned light irradiation. The photomask characterizing the heating domain has an aperture with a circle and two inclined bars. The flow velocity upstream of the heating area was 55 μm/s and the laser power measured close to the microfluidic device was around 100 mW. As shown in Fig. 4 , droplets flow while changing their trajectories as if they avoid the irradiated light pattern. This movement can be induced due to the interfacial flow under a positive temperature coefficient in the interfacial tension. Because the continuous phase was heated, a wide controllable area was obtained compared with the dispersed-phase heating. 12, 13, 15 In this system, an oleic acid droplet less than 10 μm in diameter could not be manipulated with sufficiently high controllability. In order to determine the manipulation force in the platform, temperature measurements in the surrounding liquid under light irradiation were performed.
Establishment of the temperature-measurement system with laser-induced fluorescence
When measuring the temperature distribution of liquid around the droplets with laser heating by LIF, the calibration curve between the liquid temperature and the fluorescent intensity is needed. Since the accuracy of the temperature measurement by LIF is determined by the calibration, it is essential to secure a precise calibration process. In the calibration process, the fluorescent intensity was obtained in a temperature range from 20 to 60 C with repetition in both the heating and cooling processes to confirm no hysteresis. The fluorescent intensity was determined by the mean value on the central 200 × 200 pixels over 20 images successively recorded at 1 ms intervals. To prevent quenching of the fluorophore during the calibration process, the fluid kept being seeded with a syringe pump. We also recorded 20 images for a background image without any laser heating so as to remove inherent noise due to the dark-current noise or stray light. Also, the intensity after subtracting the background noise was normalized by that at room temperature (22.5 C) .
From the above, we obtained the optimized calibration curve of the working fluid with a surfactant, absorbing dye in the buffer solution with the fluorescence dye, as shown in Fig. 5 . The fluorescent intensity showed a negative temperature dependence, approximately -0.8 to -1%/K in this range. The normalized fluorescent intensity as cubic polynomials of the temperature (unit in K) can be expressed as follows:
The liquid temperature can be obtained using the inversed function of Eq. (1). The surfactant concentration indicated no influence on the fluorescent intensity. Figure 6 indicates the temperature fields with different concentrations of absorbing dye under the same light-irradiation condition; 5.0 mM was employed in subsequent experiments.
Size dependent droplet handling
An experiment was performed using a circular irradiation pattern with a 200-μm diameter. The laser power was around 200 mW. The trajectories of droplets with different sizes influenced by the photothermal Marangoni effect are shown in Fig. 7 . The time intervals in each plot were 50 ms, and the flow rates of the continuous phase and dispersed phase were 100 and 30 μL/h, respectively. The temperature distribution during laser heating measured by LIF overlaps in the same figure. Note that there was no significant distortion in the temperature profile when the droplet passed close to the heated area. This means that the influence of the Marangoni convection generated at the liquid-liquid interface of the droplet is negligibly small due to the low Peclet number, ratio of convectional heat transfer and thermal diffusion, in the present condition. Figure 8 illustrates the size-dependent migration displacements in the spanwise direction. This result clearly shows that a larger droplet has an increased displacement from the heated area. In the same temperature gradient, a large temperature difference is generated at both ends of a large droplet, resulting in a stronger driving force by the Marangoni convection exerted on the droplet. We qualitatively predict that the driving force acting on the droplet, FM, depends on the temperature dependence of the interfacial tension, the temperature gradient, and the surface 
By using Eq. (5), we can evaluate the manipulation force for the droplet in the Stokes region. Note that the force is proportional to the temperature gap, ΔT. This tendency agrees with our qualitative prediction (Eq. (2)) in the previous section. The drop size dependence is not simple because the wall correction factor, κ, is a function of the size. Figure 9 depicts a map of the driving force, FM, as functions of the temperature gap, ΔT, and the droplet size, d, under typical experimental ranges in the present study. The properties used in this calculation are shown in Table 1 .
26-28
The magnitude of the force in the present experiment is on the order of nN under a temperature gap of several K, showing the same order in the previous evaluation. This force can be enhanced by adding the larger temperature difference. Figure 10 shows a relation between the distance of the gravity center of the droplet from the heating center and the exerted force based on our model. The experimental data is the same as in Fig. 7 . It is obvious that the shorter is the distance and the larger is the droplet size, the larger is the force. The maximum force in this situation is 7.2 nN for the largest droplet of 77 μm in diameter at a large temperature difference of 8.6 K. The scattering of the calculated force would be from the error in the temperature measurement. From this result, it can be stated that the model is reasonable to understand the behaviors of controlled droplets.
In comparison with other droplet manipulation method i.e., optical tweezers, 29 the photothermal Marangoni technique in the present study can provide a force more than 1000-times stronger than that of optical tweezers. Although this model can be valid in steady movement because both the Hadamard-Rybczynski and YGB relationships assume no transient behavior, it is valid under low Peclet number condition. Therefore, this model of the manipulation by the photothermal Marangoni convection helps us to estimate the trajectory and limitation of trapping in versatile microfluidic devices with an arbitrary temperature distribution.
Conclusions
In this paper, our optical approach of picoliter droplet handling controlling local interfacial tension by heating the continuous phase is presented. The theoretical model of the manipulation force for the photothermally controlled droplet can be used to design and optimize the performance of the optical control of the droplet in a microfluidic system. Since our method requires special fabrication or no moving parts in the microfluidic system, flexible and selective droplet-based analysis would be offered. Fig. 10 Relation between the distance from the heating center and the driving force. A shorter distance and a larger size droplet indicate a stronger manipulation force. 
